The induction of heme oxygenase-1 (HO-1; Hmox1) by inflammation, for instance in sepsis, is associated both with an anti-inflammatory response and with mitochondrial biogenesis. Here, we tested the idea that HO-1, acting through the Nfe2l2 (Nrf2) transcription factor, links anti-inflammatory cytokine expression to activation of mitochondrial biogenesis. HO-1 induction after lipopolysaccharide (LPS) stimulated anti-inflammatory interleukin (IL)-10 and IL-1 receptor antagonist (IL-1Ra) expression in mouse liver, human HepG2 cells, and mouse J774.1 macrophages, but blunted tumor necrosis factor-expression. This was accompanied by nuclear Nfe2l2 accumulation, and led us to identify abundant Nfe2l2 and other mitochondrial biogenesis transcription factor binding sites in the promoter regions of IL10 and IL1Ra compared with proinflammatory genes regulated by NF-. Mechanistically, HO-1, through its CO product, enabled these transcription factors to bind the core IL10 and IL1Ra promoters, which for IL10 included Nfe2l2, nuclear respiratory factor (NRF)-2 (GABPA), and MEF2, and for IL1Ra, NRF-1 and MEF2. In cells, Hmox1 or Nfe2l2 RNA silencing prevented IL-10 and IL-1Ra upregulation, and HO-1 induction failed post-LPS in Nfe2l2-silenced cells and post-sepsis in Nfe2l2 -/-mice. Nfe2l2 -/-mice compared with WT mice, showed more liver damage, higher mortality, and ineffective CO rescue in sepsis.
The induction of heme oxygenase-1 (HO-1; Hmox1) by inflammation, for instance in sepsis, is associated both with an anti-inflammatory response and with mitochondrial biogenesis. Here, we tested the idea that HO-1, acting through the Nfe2l2 (Nrf2) transcription factor, links anti-inflammatory cytokine expression to activation of mitochondrial biogenesis. HO-1 induction after lipopolysaccharide (LPS) stimulated anti-inflammatory interleukin (IL)-10 and IL-1 receptor antagonist (IL-1Ra) expression in mouse liver, human HepG2 cells, and mouse J774.1 macrophages, but blunted tumor necrosis factor-expression. This was accompanied by nuclear Nfe2l2 accumulation, and led us to identify abundant Nfe2l2 and other mitochondrial biogenesis transcription factor binding sites in the promoter regions of IL10 and IL1Ra compared with proinflammatory genes regulated by NF-. Mechanistically, HO-1, through its CO product, enabled these transcription factors to bind the core IL10 and IL1Ra promoters, which for IL10 included Nfe2l2, nuclear respiratory factor (NRF)-2 (GABPA), and MEF2, and for IL1Ra, NRF-1 and MEF2. In cells, Hmox1 or Nfe2l2 RNA silencing prevented IL-10 and IL-1Ra upregulation, and HO-1 induction failed post-LPS in Nfe2l2-silenced cells and post-sepsis in Nfe2l2 -/-mice. Nfe2l2 -/-mice compared with WT mice, showed more liver damage, higher mortality, and ineffective CO rescue in sepsis.
Nfe2l2
-/-mice in sepsis also generated higher hepatic TNF-mRNA levels, lower NRF-1 and PGC-1 mRNA levels, and no enhancement of anti-inflammatory Il10, Socs3 or Bcl XL gene expression. These findings disclose a highlystructured transcriptional network that couples mitochondrial biogenesis to counterinflammation with major implications for immune suppression in sepsis.
Early survivors of severe sepsis often develop immune suppression (1, 2) , and may later die with the multiple organ dysfunction syndrome (MODS) (3) . A key effector of MODS is the liver, which is integral to the host response, especially in infections that activate Toll-like receptor-4 (TLR4) and NF-k-dependent cytokine synthesis (4) . The persistence of inflammatory cytokines, such as tumor necrosis factor (TNF-) and interleukin (IL)-1 perpetuates immune activation, causing tissue damage and remodeling (5) , and leading to sustained production of antiinflammatory modulators and suppressors of adaptive immunity (6, 7) . These anti-inflammatory modulators include the type II cytokine IL-10, the soluble IL-1 receptor antagonist (sIL-1Ra) (5) , and suppressor of cytokine signaling (SOCS) proteins (8) . IL-10 is widely expressed in the liver (9, 10) by Kupffer cells (11) , stellate cells (12) , and hepatocytes (13) , where it contributes to LPS tolerance (14) . The IL-10 receptor activates JAK/STAT (Janus kinase/signal transducer and activator of transcription) to block the production of TNF- and other NF--dependent mediators (15)-the basis for its anti-inflammatory effects (16) . IL-10 also suppresses mononuclear cell function (17) , and IL-10 secretion by macrophages and neutrophils negatively regulates the response to LPS (18) . Absence of IL-10 increases cytokine production (19, 20) and inflammation-induced mortality (21), which is reversed by restoration of IL-10 levels (22, 23) .
Inflammation also induces HO-1, which metabolizes heme and releases CO, iron, and biliverdin (24) , and promotes cell protection (25) (26) (27) . HO-1 is involved in sepsis in macrophage IL-10 induction and suppression of TNF- and nitric oxide synthase-2 (NOS2) (16, 28) , but also mediates the anti-inflammatory effects of adiponectin in Kupffer cells (29) and activates mitochondrial biogenesis (30) .
Mitochondrial damage without ischemia or hypoxia is experimentally and clinically wellrecognized in sepsis (31) (32) (33) (34) . During the resolution phase, energy homeostasis is restored by mitochondrial biogenesis (35) (36) (37) (38) (39) activated by innate immunity (37) as well as by electrophiles or oxidants that activate the basic leucine zipper (bZIP) transcription factor, Nfe2l2 (Nrf2) (40) . Electrophiles free Nfe2l2 from its Keap1 docking protein, allowing it to enter the nucleus and induce xenobiotic and anti-oxidant genes (40) , including Hmox1 (41) . Endogenous CO also stimulates mitochondrial H 2 O 2 production (42), which acts as a retrograde signal for mitochondrial biogenesis in part through Nfe2l2 nuclear accumulation (30) .
These findings suggest the hypothesis that HO-1/CO, acting through Nfe2l2, links antiinflammatory gene expression to the transcriptional program for mitochondrial biogenesis. To test this hypothesis, we evaluated HO-1 and Nfe2l2 regulation and causal activation of mitochondrial biogenesis and anti-inflammation in cells challenged with LPS and in mice challenged with E. coli sepsis. We also specifically investigated IL-10 and sIL-1Ra gene regulation by Nfe2l2 and other transcription factors of mitochondrial biogenesis and in mice in sepsis, we also measured hepatic antiinflammatory Socs3 and Bcl XL genes to check for their association with the mitochondrial biogenesis program. Evidence of an expanded network would signify the coupling of mitochondrial biogenesis to immune counter-regulation and implicate the genetic response to mitochondrial damage/repair as a factor in the apparent immune paralysis encountered in sepsis.
Experimental Procedures
Materials. Primary antibodies were from Santa Cruz Biotechnology unless otherwise specified; secondary antibodies, including antibodies for fluorescence microscopy were from Invitrogen. Small interfering (si) RNA oligonucleotides were from Ambion. Mouse recombinant tumor necrosis factor-α (TNF-), IL-10, E. coli LPS and dichloromethane (DCM) were from Sigma (St Louis, MO). Cells. Human HepG2 (hepatocellular carcinoma) cells were purchased from ATCC (Manassas, VA) and cultured in 5% CO 2 in RMPI 1640 (Hyclone, UT) containing 10% fetal calf serum (FCS), 2 mM glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. Studies were conducted in murine J774.1 macrophages (ATCC) at 85% confluence in RPMI 1640 supplemented with FCS. Both cell lines were exposed to LPS at 15 ng/ml and to CO using the CO-producing molecule dichloromethane (DCM/CO 50-100 M), which generates CO through the cytochrome P 450 system. Cells were transfected with scrambled (negative control) or targeted siRNA using FuGene HD (Roche) to achieve efficiencies of >70%. Mice. The studies were approved by the Duke Institutional Animal Care and Use Committee. Wild-type (WT) male C57BL/6 (Jackson) and Nfe2l2 -/-mice (Riken, Tokyo) on a C57BL/6 background were used at 12-16 weeks of age. They were inoculated with 10 7 or 10 8 CFU live E. coli (serotype 086a:K61, ATCC, Rockville, MD) by peritoneal fibrin clot implantation followed by 1.5 ml of sterile 0.9% NaCl. This model activates hepatic mitochondrial biogenesis (37, 43) . For CO exposures, mice breathed 250 or 500 ppm CO in air for 1h (carboxyhemoglobin levels 10-20%) to induce mitochondrial biogenesis (42) . At the appropriate times, mice were killed by isofluorane and the livers harvested and frozen at -80 o C. Histology. Fresh livers were flushed with 0.9% cold NaCl and perfusion-fixed with 10% formalin and divided into lobes. After 24 h, the livers were transferred to 70% ethanol and stored at 4 o C. The lobes were block-cut, embedded in paraffin and 4M sections were randomly cut and stained with H&E and photographed at 200x. Bioinformatics. Mouse and human IL-10 promoter loci were aligned and DNA sequence homology computed with the web-based Regulatory Visualization Tools for Alignment (rVISTA; www.gsd.lbl.gov/vista) (44, 45 (36, 37) . Transcriptional activation of Nfe2l2 and Mef2A was measured using the TRANS-AM kit (Active Motif, Carlsbad, CA). ChIP assays were performed with ChIP-IT and Re-ChIP-IT kits (Active Motif) following the manufacturer's protocol (42) . For liver, ~200 mg was diced on ice in PBS and fixed in 1% (v/v) formaldehyde at room temperature to crosslink protein to DNA. Reactions were stopped in 0.125 M glycine, the samples centrifuged twice and the final pellet suspended in ChIP buffer. Genomic DNA was sheared by sonication and lysates tumbled overnight at 4°C with salmon sperm DNA/protein A-agarose and anti-RNA polymerase II (Re-ChIP-IT), anti-MEF2, antiNfe2l2, and anti-NRF-1 (Cell Signaling) or normal rabbit IgG. Complexes were precipitated, washed, and eluted with 1% SDS and 100 mM NaHCO 3 . After reversal of protein/DNA cross-linking, DNA was purified and amplified across the IL10 and IL1Ra promoter regions of interest. ChIP samples were normalized to input chromatin (Ct) and enrichment defined as change in Ct in treated vs. untreated samples (Ct), relative to IgG controls. Protein immunoblots. Liver homogenate, cell lysate, and nuclear extract proteins were separated by SDS-PAGE and Western blots performed. After the transfer, primary and secondary antibodies were applied and the signals developed using ECL. Blots were quantified in the middynamic range, and the protein density expressed relative to stable reference proteins. Immunochemical staining and fluorescence microscopy. For immunochemistry, cells were grown in one-well chamber slides to ~70% confluence. After reagent additions, the cells were washed in PBS, fixed in 2% paraformaldehyde, and washed 1% Triton X-100 for 15 min at room temperature. Cells were labeled with primary antibodies to HO-1 (1:1000) and MEF2 (sc-55500; 1:800). Fluorescence microscopy was performed on a Nikon H550S (46) . Real-Time PCR. We performed qRT-PCR on an ABI PRISM 7000 System with TaqMan gene expression and premix assays (Applied Biosystems). 18S rRNA served as an endogenous control. Quantification of gene expression was determined using the comparative threshold cycle CT and RQ method. MtDNA copy number was determined by quantitative PCR (qPCR) using SYBR green and the ABI system (42, 47) . Statistics. Grouped data are expressed as means ± SE for replicates of 4-6. Significance was tested by unpaired t test or with two-way ANOVA using commercial software unless indicated otherwise. Statistical significance required P<0.05.
Results
HO-1/CO and LPS activation of IL-10. HO-1 induction does not invariably stimulate IL10, so we confirmed that its CO product increases IL-10 mRNA levels in mouse liver, in HepG2 cells and in J774.1 macrophages. In C57/Bl/6 mice, 1h of CO breathing (250 or 500 ppm) increased hepatic IL-10 mRNA levels by ~60% at 24h (Fig 1A) . In HepG2 cells, DCM/CO at low M levels doubled IL-10 mRNA content by 24h (Fig. 1B) . Comparably, LPS stimulated IL-10 production, and LPS + DCM/CO produced an additive effect. In J774.1 cells, IL-10 mRNA level followed the same patterns, including after LPS + DCM/CO (not shown).
Dose-and time-dependent increases in hepatic IL-10 and HO-1 protein levels after CO administration were documented by Western blot (Fig. 1C and D) . In an E. coli peritonitis model in mice, hepatic HO-1 protein levels were also significantly up-regulated at 24h (Fig. 1E ). IL-10 was constitutive and strongly up-regulated in sepsis, but well after TNF- production.
In HepG2 cells, DCM/CO or LPS challenge up-regulated HO-1 and IL-10 protein expression by 1-6h. Peak responses for both occurred 24h after these exposures ( Fig. 2A) . LPS + DCM/CO significantly enhanced HO-1 and IL-10 induction compared with either alone, while IL-10 up-regulation was blocked by Hmox1 RNA silencing ( Fig. 2A) . HO-1 was thus required for increased IL-10 expression by DCM/CO and LPS.
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To show that LPS and CO up-regulate the transcriptional program of mitochondrial biogenesis in HepG2 cells, we measured protein for NRF-1 and the mitochondrial transcription factor, Tfam (Fig. 2B ). Both proteins responded to both stimuli in a pattern similar to that of IL-10. IL-10 administration in HepG2 cells inhibited the LPS induction of TNF- and NOS2, but IL-10 suppression of TNF- and NOS2 was markedly reduced by Hmox1 RNA silencing (Fig. 2C) . The same result was obtained in J774.1 cells (Fig. 2D) , indicating that HO-1/CO is required for IL-10 to inhibit the LPS response. Soluble IL-1 receptor antagonist (sIL-1Ra) gene and protein expression. In macrophages, IL-10 is associated with the anti-inflammatory molecule, sIL-1Ra [15] , which could also connect counter-inflammation to mitochondrial biogenesis. We assessed hepatic sIL-1Ra mRNA levels in mice 24h after CO exposure (250 or 500 ppm for 1 h) and demonstrated a pattern of induction similar to that of IL-10 ( Fig. 3A) . In the liver, sIL-1Ra protein levels after CO exposure corroborated the mRNA data; the protein increased significantly compared with controls ( Fig. 3A) .
In HepG2 and in J774.1 cells, sIL-1Ra protein increased in response to LPS and to DCM/CO with a greater effect of LPS in J774.1 cells and a greater effect of DCM/CO in HepG2 cells ( Fig. 3B and 3C ). The use of both agents had additive effects in both cell lines. Hmox1 or Nfe2l2 RNA silencing diminished the sIL-1Ra responses to the stimuli equally ( Fig. 3B and 3C ). These results imply that CO and LPS elicit antiinflammatory cytokine expression through multiple and overlapping, but not identical transcriptional elements. HO-1/CO and co-activation of mitochondrial biogenesis and anti-inflammation. A common induction pattern for IL-10 transcription and mitochondrial biogenesis by CO and LPS raised the prospect of a common regulatory pathway, for instance through Nfe2l2 (Nrf2) signaling (42) , which increases both HO-1 (48) and IL-10 expression. We used multiple approaches to examine the role of Nfe2l2 as well as other transcriptional regulators of mitochondrial biogenesis in IL10 and IL1Ra gene regulation.
A computer analysis of the human and mouse promoters using MatInspector and the TRANSFAC database (Genomatix Software) detected putative binding sites for Nfe2l2 and at least three other relevant transcription factors: NRF-1, NRF-2, and MEF2. We aligned the IL10 promoter sequences with DNA Block Aligner (DNAsis software) to identify species-conserved regions that are most likely to represent functional elements (Fig. S1A) . Putative binding sites for Nfe2l2, nuclear respiratory factor-2 (NRF-2; Gabpa), and Mef2 were identified in the first 500 bp after the TATA box with >90% canonical consensus and >85% conservation scores. Using the same stringency, we identified putative binding sites on the IL-1Ra promoter for NRF-1 and MEF2 (Fig. S1B ). MEF2 has been associated with IL-10 expression, but HO-1/CO is not known to activate Mef2 genes. In the liver, MEF2A and 2D regulate cell activity and growth, e.g. in stellate cells (49) , and Mef2A is a target of NRF-1, which is activated by HO-1/CO (50). Nuclear Nfe2l2, MEF2, and NRF-2. Although HO-1/CO activates Nfe2l2 (51), nothing addresses whether IL-10 expression depends on the other transcription factors. Preliminary studies indicated that hepatic nuclear Nfe2l2, MEF2, and NRF-2 (Gabpa) protein increase after CO breathing in mice; 1h of CO increased all three nuclear proteins by 6h (Fig. 4A) . The peak effect was at 250 ppm, which we used subsequently.
In HepG2 cells, DCM/CO also increased nuclear MEF2, Nfe2l2, and NRF-2 levels and was additive to the LPS effect (Fig. 4B) . Hmox1 RNA silencing decreased nuclear Nfe2l2 and NRF-2 levels, but only modestly decreased nuclear MEF2 levels (Fig. 4B) . Nfe2l2 RNA silencing, however, sharply decreased nuclear MEF2, and slightly decreased NRF-2 levels (Fig. 4B) . In J774.1 macrophages, Hmox1 silencing had a smaller effect than in HepG2 cells, while Nfe2l2 silencing had a similar effect in both cell lines (Fig. 4C) . Replicate studies confirmed that Nfe2l2 silencing produced more attenuation of nuclear MEF and NRF-2 accumulation than did Hmox1 silencing. Mitochondrial biogenesis transcription factor recruitment to IL10 and IL1Ra. Transcription factor binding activities were measured in nuclear extracts of HepG2 cells for the Nfe2l2 and MEF2 sequences on the human IL10 promoters. These assays showed increased binding activity for both by guest on July 15, 2017 http://www.jbc.org/ Downloaded from transcription factors after DCM/CO exposure ( Fig.  5A and 5B). The LPS-stimulated binding activity for both proteins was comparatively modest; by implication, LPS induction of IL-10 involves not only HO-1, but also other elements, e.g. NF-.
Nfe2l2 and MEF2A nuclear translocation depends on phosphorylation, which is regulated, for instance, by Akt/PKB and p38 MAPK. NRF-1 translocation is also regulated by Akt/PKB. We evaluated the influence of p38 and Akt on the CO response in HepG2 cells with inhibition of p38 (SB203580; SB20) or PI-3K/Akt (LY294002; LY29). Activation of Nfe2l2 by DCM/CO was partly blocked by p38 inhibition, but fully abrogated by Akt inhibition. The effect of DCM/CO on MEF2 activation was blocked by inhibiting either kinase (Fig 5A and 5B) .
To determine how HO-1/CO promotes IL-10 transcription, we generated cross-linked nuclear lysates from HepG2 cells after a 60 min exposure to DCM/CO, LPS, or both. Sequential ChIP assay (ChIP-ReChIP) was performed on genomic DNA with anti-RNA polymerase II (Pol II) or with control IgG (not shown) and probed for interactions with Nfe2l2, MEF2, and NRF-2 at the human IL10 promoter. In control nuclei, almost no Pol II signal was detected at the IL10 promoter, but the signal was increased by DCM/CO and LPS (Fig. 5C ). The largest increases occurred after LPS + DCM/CO consistent with the changes in IL-10 mRNA expression.
Chromatin IP assays were performed to evaluate IL10 promoter binding to MEF2, Nfe2l2, and NRF-2 using validated antibodies and primer sets for these sites. We also checked the IL-1Ra promoter for NRF-1 and MEF2 binding at our predicted binding sites. IL10 promoter DNA did not co-precipitate with control IgG (Fig. 5D) . ChIP assays for Nfe2l2 detected no transcription factor binding at the IL10 promoter in control or LPS-stimulated cells, but Nfe2l2 binding was detectable after DCM/CO (Fig. 5D ). MEF2 and NRF-2 occupancy was minimal in control HepG2 nuclei, after DCM/CO and LPS, both factors were bound, and DCM +LPS produced stronger binding (Fig 5D) . IL1Ra promoter DNA did not precipitate with control IgG, and non-stimulated nuclei showed no MEF2 or NRF-1 binding, but both transcription factors bound after DCM/CO and after LPS, and the combination produced strong occupancy (Fig. 5D) . In mouse liver nuclei we found CO-dependent Nfe2l2, MEF2, and NRF-2 recruitment to the IL10 promoter (Fig. 5E ). These data correlated with the changes in IL-10 mRNA and protein in the liver. MEF2 expression and nuclear translocation in HepG2 cells. We used confocal microscopy to evaluate MEF2 nuclear localization in HepG2 cells treated with LPS and/or DCM/CO. Nfe2l2 RNA silencing was used to evaluate the DCM/CO effect on MEF2, while NRF1 silencing was used to check Mef2 regulation. The effectiveness of Nfe2l2 silencing is shown by Western blot, where Nfe2l2 protein decreases by ~80% at 48h (Fig.  6A) . Fig. 6B indicates that NRF-1 protein increases after DCM/CO, and after NRF1 RNA silencing, the loss in MEF2 signal at 24h is comparable to that of Nfe2l2 silencing.
HO-1 distribution was checked in HepG2 cells pre-and post-DCM/CO and LPS treatment by fluorescence techniques. In control cells, HO-1 was restricted to the cytoplasm (Fig. 6C , panels A-C, green), and nuclear MEF2 was not detectable. However, after a 1h DCM/CO exposure, MEF2 had accumulated in the nucleus by 2h (Fig. 6C panels D-F, red) and dissipated by 6h (not shown). Similarly, 2h after LPS, HO-1 expression was abundant and nuclear MEF2 levels increased sharply (Fig. 6C G-I ) and disappeared by 6h (not shown). Nfe2l2-silenced cells after DCM/CO still showed abundant HO-1 staining, but nuclear MEF2 was undetectable (Fig 6C J-L) . This result indicates that HO-1/CO is upstream of Nfe2l2, which is required for the expression and nuclear localization of MEF2. NF-K and related signals. Since LPS activates both pro-and anti-inflammatory cytokines, we checked HepG2 cells for a role of NF-K in the LPS + DCM/CO response using the structurallyunrelated inhibitors, SN-50 and PDTC (Fig S2A  and B) . Neither SN-50 nor PDTC prevented LPSinduced IL-10 induction, but DCM/CO was effective in decreasing the TNF- production. Based on the role of PI-3K/Akt in translocation of mitochondrial biogenesis transcription factors, we checked and found that Akt inhibition also blocked CO inhibition of TNF- production.
In addition, we tested STAT3 for a role in LPS-stimulated HO-1 and IL-10 induction in HepG2 cells using the JSI-24 inhibitor, which decreased HO-1 and IL-10 expression after DCM/CO (Fig. S2C) . We also examined p38 MAPK because it may be involved in counterinflammation (52) . Inhibition of p38 with SB20 attenuated HO-1 and IL-10 induction by LPS, whereas HO-1 induction by DCM/CO was largely p38-independent and PI3K/Akt-dependent (Fig.  S2D) . Hence, we implicate PI-3K/Akt and STAT3, but not NF-K or p38 in HO-1 and IL-10 regulation in HepG2 cells.
Nfe2l2-regulated genes.
Because Nfe2l2 is activated by HO-1/CO and Nfe2l2 regulates both Hmox1 (41) and NRF1 in mitochondrial biogenesis, we confirmed activation of other Nfe2l2-regulated gene promoters having antioxidant response elements (ARE) (40, 53) . Nfe2l2 also activates NRF1, and as shown here in the liver and in (54), NRF-1 activates Mef2. Nfe2l2 is regulated by transcription and by cytoplasmic Keap1, which promotes degradation of the transcription factor (53) . To further evaluate this in HepG2 cells, we performed proteasome and transcription inhibition studies and followed the IL-10 response (Fig. 7) . LPS and DCM/CO increased Nfe2l2 protein in the cytoplasmic and nuclear fractions with a nuclear peak by 4h (Fig.  7A ) that remained elevated for 24h (not shown). Proteasomal inhibition with MG132 further increased nuclear Nfe2l2 (Fig. 7B) , whereas inhibition of transcription with -amanitin sharply reduced nuclear Nfe2l2 (Fig. 7B) . By inference, transcription factor stability and gene transcription are both involved in HO-1/CO anti-inflammatory gene regulation by Nfe2l2. Using DCM/CO to increase Nfe2l2 nuclear translocation in HepG2 cells, we checked IL10 and NQO1 activation. DCM/CO increased mRNA levels for both after MG132 (Fig. 7C and 7D ), whereas despite MG132 addition, mRNA expression for both was blocked in amanitin controls.
Nfe2l2
-/-mice. On the basis of the cell data implicating Nfe2l2 in HO-1 induction and in the transcriptional regulation of both antiinflammatory IL-10 expression and mitochondrial biogenesis, we evaluated and compared the relevant responses of WT and Nfe2l2 -/-mice to the implantation of E. coli-infected fibrin clots. In this model, at a dose of 10 8 CFU, Nfe2l2 -/-mice showed severe early hepatic damage compared with WT mice, i.e. more focal hemorrhage and inflammation, ductal dilation, and hepatocyte vacuolization and autolysis (Fig. S3) . Nfe2l2 -/-mice also died of E. coli sepsis more rapidly than did WT mice (Fig. 8A) , and consecutive daily treatments with CO (250 ppm for 1h on days 1-3) rescued WT, but not Nfe2l2 -/-mice (Fig. 8A ). This finding highlights the Nfe2l2-dependent survival role for CO in this model.
To avoid selection bias due to early mortality in Nfe2l2 -/-mice, we compared activation of hepatic counter-inflammation and mitochondrial biogenesis at 0, 6 and 24h after 10 7 CFU E. coli. We compared mRNA levels for HO-1 (Fig. 8B) , NRF-1 (Fig. 8C) , and a master mitochondrial biogenesis co-activator, PGC-1 (Fig. 8D) . Nfe2l2 -/-mice had substantially lower mRNA levels for all three genes than WT after E. coli inoculation. We also compared hepatic TNF- mRNA with IL-10 mRNA levels and those for two independent anti-inflammatory genes, Socs3, and Bcl XL . In contrast to WT mice, Nfe2l2 -/-mice showed greater increases in TNF- mRNA (Fig.  8E ) and no responses in IL-10 ( Fig. 8F ), Bcl XL (Fig. 8G ), or Socs3 (Fig. 8H) mRNA levels in the 24 h after infection.
Discussion
Mitochondrial biogenesis is closely linked to the preservation of mitochondrial function and to survival in severe sepsis (38, 55 ), yet few interactions between the mitochondrial biogenesis transcriptional program and inflammatory gene regulation have been identified. In this context, we present the first evidence that regulation of mitochondrial biogenesis generates a simultaneous anti-inflammatory response that protects the liver, a central organ of LPS responsiveness and LPS tolerance, against lasting inflammatory attack.
Mitochondrial biogenesis is activated in sepsis by mitochondrial oxidant damage (39) , by nitric oxide (56) , and by the classical NF-k pathway, for instance, in the liver (46) . In general, acute inflammation also induces HO-1 (24), which stimulates both anti-inflammatory IL-10 synthesis (16) and mitochondrial biogenesis (30) . These independent observations led us to propose that the transcriptional program of mitochondrial biogenesis harbors a protective counterinflammatory function through HO-1 that limits pro-inflammatory cytokine synthesis.
Apart from the HO-1 association with IL-10 induction, nothing has been known about the interaction mechanism and little about how the molecules help resolve tissue damage (57) . Free heme is cytotoxic, and heme clearance reduces oxidative stress and apoptosis (58), which is assumed to promote resolution of inflammation. IL-10 attenuates the host response to microbial antigens, to cytokines and chemokines (21,59), to ischemia-reperfusion, and to some drug-induced injuries (13, 60) . This limits tissue damage, but the persistence of IL-10 leads to immune suppression and to impaired pathogen clearance in infection (61) . Moreover, nothing has been known about whether HO-1/CO is connected to other antiinflammatory effectors, such as IL-1Ra.
We have provided multiple lines of evidence in human and mouse cells of a role for HO-1 in transcriptional co-activation of mitochondrial biogenesis and anti-inflammation. First, HO-1 is necessary for IL-10 production by LPS, and Hmox1-silenced cells do not show IL-10-mediated suppression of LPS-induced TNFand NOS2 production. HO-1 has antiinflammatory and anti-apoptotic effects involving p38, for example in endothelial cells (62) , also seen here in human hepatocytes and mouse macrophages after LPS. CO suppresses TNF- production by activating PI3K/Akt, which also supports nuclear Nfe2l2 and MEF2 translocation in their roles in mitochondrial biogenesis (30, 63) .
Second, the proximal IL10 promoter region contains binding sites that by chromatin IP are active for three transcription factors that regulate mitochondrial biogenesis: Nfe2l2, NRF-2, and MEF2. Nfe2l2 and NRF-2 are activated by HO-1/CO, while MEF2 is activated by NRF-1 (54) . All four transcription factors stimulate mitochondrial biogenesis; MEF2A for instance, increases PGC-1 co-activator expression (50), while NRF-1, under redox regulation by Nfe2l2 (30) , is integral to the expression of mitochondrial transcriptome genes (64) .
A third aspect involves the IL-1receptor antagonist, sIL-1Ra, which is synthesized after LPS challenge and shown here to be regulated by HO-1/CO. This endogenous receptor antagonist prevents deleterious downstream responses to IL-1 and 1moreover, IL1Ra gene expression in HepG2 cells is blocked by Hmox1 or by Nfe2l2 silencing, and by chromatin IP, the IL1Ra promoter binds NRF-1 and MEF2.
Fourth, Nfe2l2-silenced cells challenged with LPS do not generate IL-10 or IL-1Ra, but produce more TNF-, which increases mitochondrial injury (65) , intrinsic apoptosis (66), and ROS-induced organ damage (67) . TNF- is in important pathologically as shown by the efficacy of anti-TNF therapy in several human inflammatory diseases (68) .
Lastly, mice with genetic loss of Nfe2l2 were studied with endpoints selected on the basis of the cell data and the literature to demonstrate that this protective system operates during E. coli sepsis. The lack of Nfe2l2 in sepsis greatly increases liver damage and lethality through loss of Hmox1 expression and enhancement of TNF- levels. Moreover, Nfe2l2 -/-mice show impaired NRF-1 and PGC-1 gene activation and fail to increase anti-inflammatory IL-10, Socs3, or Bcl XL expression in the E. coli model. Lack of Bcl XL expression increases the risk of intrinsic apoptosis (69) , but also suppresses caspase-1-dependent IL-1 processing at the NLRP1 inflammasome (70) . Furthermore, low dose CO, similar to other cellprotective CO therapy (71) , improves survival in the sepsis model in WT, but not Nfe2l2-deficient mice. Collectively, these data support that Nfe2l2 transcriptional control of mitochondrial biogenesis is coupled to hepatic counter-inflammation in the response to Gram-negative infection.
The transcriptional co-regulation of mitochondrial biogenesis and counterinflammation through IL10 and IL1Ra promotes cell survival by suppressing TNF- production and perhaps other NF-pro-inflammatory cytokines, e.g. through autocrine suppressors of TNF- and MHC class II antigen production. IL-10 is also a macrophage and B lymphocyte survival factor; for instance, in J774.1 mouse macrophages, IL-10 up-regulates some 50 stressresponse and immunoregulatory genes (72) . Apart from IL-10, HO-1/CO also has pleiotropic effects in monocytes and may exert some control over NF-k target-gene selectivity (27) .
Endogenous CO generates an oxidant effect by increasing mitochondrial H 2 O 2 production, which promotes mitochondrial biogenesis (63) , in part by Keap1 oxidation and Nfe2l2 nuclear translocation (73, 74 (30) . CO activates Akt/PKB, which inhibits caspase-dependent apoptosis (76) , but also facilitates Nfe2l2 and NRF-1 nuclear translocation and hence mitochondrial biogenesis (30, 47) .
The present work adds at least two major anti-inflammatory genes, IL10 and IL1Ra, to the transcriptional network of mitochondrial biogenesis. These molecules respectively limit NF-kB dependent mediator production and dampen IL-1 and IL-1 effector functions in sepsis (5, 77, 78) . Furthermore, IL-1 maturation and release is controlled by the NLRP3 inflammasome and involves caspase-1 activation (79), which is modulated by Bcl-XL (80) .
The importance of IL-10 is also illustrated by its prognostic value in the critically ill. IL-10 administration reduces pro-inflammatory cytokine levels (81) and blocks monocyte activation (82), while endogenous plasma IL-10 relates to outcome in septic patients. Promoter polymorphisms for low IL-10 production predict higher death rates in severe sepsis (83) , while HIV patients with polymorphisms for high IL-10 more often progress to AIDS (84) . Chronic liver failure patients also show persistently high plasma IL-10 levels and often have prolonged sepsis (7) .
A working diagram of the Nfe2l2/HO-1/CO regulation of IL10 and IL1Ra in the setting of mitochondrial biogenesis is provided in Fig. 9 . The diagram highlights the HO-1 links to Nfe2l2, IL-10, and sIL1Ra, emphasizing a transcriptional network supported by the data. There are still unknowns in this network, for instance, HO-1/COmediated activation of NRF-2 operates by an unknown mechanism. Fig. 9 also simplifies Nfe2l2-Keap1 signaling, omits IL-10 regulation by interferon (85) and by glucocorticoids (86) , and ignores interactions of MEF2 with PGC-1 and class 2 histone deacetylases (87) or cAMP response element (CRE) binding/activating transcription factor (CREB/ATF) sites (88, 89) . CREB is regulated in part by NO and by metabolic demand, and co-activates NRF1 after LPS (46) .
Lastly, computer predictions of promoter binding sites for these four transcription factors in the anti-inflammatory genes of interest reveals many more sites than are found in the main NF--dependent pro-inflammatory genes, including TNF and IL1. This is simply shown by the relative abundance of potential 5'-DNA binding sites for each transcription factor for the two groups of human genes (Supplemental Table 1 ).
In conclusion, the nuclear transcriptional program of mitochondrial biogenesis-under redox-regulation by HO-1/CO and Nfe2l2-increases the expression of two major antiinflammatory genes, IL10 and IL1Ra. By implication, the activation of mitochondrial biogenesis synchronously up-regulates counterinflammation, thereby limiting inflammatory damage to the organelles that would negatively impact on cell function and survival during bacterial infection. This network operates in conjunction with cellular anti-oxidant and xenobiotic defenses to optimize cell protection by curtailing inflammation and oxidative stress while restoring the capacity for energy production. However, persistent IL-10 and sIL-1Ra synthesis during frequent cycles of mitochondrial damage and repair would be immunosuppressive, and by inference contribute to the observed high prevalence of secondary infection in sepsis. These nuclear protein levels were checked in mouse liver after CO and in both cell lines after DCM/CO exposure. A. An hour of CO breathing in mice increased hepatic MEF2, Nfe2l2, and NRF-2 nuclear protein relative to TATA binding protein (TBP). B. In HepG2 cells, DCM/CO and LPS each increased nuclear MEF2, Nfe2l2, and NRF-2 protein levels, and the DCM/CO + LPS combination enhanced the effects. Hmox1 RNA silencing decreased nuclear MEF2, Nfe2l2 and NRF-2 protein levels while Nfe2l2 silencing sharply decreased nuclear MEF2 and modestly decreased nuclear NRF-2. C. Changes in J774.1 cell nuclear protein levels after DCM/CO and LPS and after siHmox1 or siNfe2l2 were similar to those for Hep2G cells for all three proteins. Binding activity in HepG2 cell nuclear extracts for Nfe2l2 (A) and MEF2 (B) after DCM/CO or LPS. Both exposures activate these transcription factors, but DCM/CO is more pronounced. The ability of DCM/CO to activate Nfe2l2 is partially blocked by p38 MAPK inhibition (SB20) and fully blocked by Akt inhibition (LY29), while either inhibitor blocks MEF2 activation by DCM/CO. The histograms represent means  SE of duplicates in three experiments (*P < 0.05 compared with control cells). C. Sequential ChIP assay (ChIP-ReChIP) was performed on HepG2 cell genomic DNA with anti-RNA polymerase II (Pol II) or with control IgG (not shown) and probed for interactions with Nfe2l2, MEF2, and NRF-2 at the human IL10 promoter. DCM/CO (and to a lesser extent LPS) recruits Pol II to MEF2, Nfe2l2, and NRF-2 binding sites on the IL10 promoter. D. ChIP assay of HepG2 cell nuclei pre-and post-DCM/CO (100 m) or LPS (15 ng/ml) treatments. PCR was conducted with primer sets for the human IL-10 or the IL-1Ra promoter regions of interest. LPS and DCM/CO induced MEF2, Nfe2l2, and NRF-2 recruitment to IL-10 promoter and MEF2 and NRF-1 to the IL1Ra promoter. Input lanes show PCR product derived from chromatin before immunoprecipitation to verify equal loading. GAPDH is a positive control. E. ChIP assay of the Il10 promoter using mouse liver genomic DNA and antibodies for Mef2, Nfe2l2, and Gabpa (NRF-2). Il10 promoter DNA did not co-precipitate with control IgG antibody. Nfe2l2 binding was not detectable at the Il10 promoter at basal conditions or after LPS, but was detectable after CO exposure. Mef2 and Gabpa binding were weakly detected at the basal state, but strongly recruited to the Il10 promoter after CO exposure. 
